THE CARDIOMETABOLIC SYNDROME is a cluster of interrelated common clinical disorders, including obesity, insulin resistance, glucose intolerance, hypertension, and dyslipidemia. The syndrome is associated with an increased risk for cardiovascular disease and type 2 diabetes (2, 22, 29, 30, 44, 52, 57, 59) . Primary defects in energy balance that lead to obesity are sufficient to drive all aspects of the syndrome (39) . It is now clear that central obesity is associated with chronic inflammation (6, 50) . Furthermore, a large number of human population studies have linked insulin resistance to systemic inflammation (21, 48) . It is known that TNF␣ and several other proinflammatory cytokines, including interleukin (IL)-6, IL-12, and monocyte chemoattractant protein-1 (MCP-1), are expressed in adipocytes and adipose tissue and are increased in obesity and diabetes (49, 62, 63, 65, 67) . TNF␣, IL-6, and IL-12 contribute to systemic insulin resistance (4, 9, 17, 25, 26, 49, 68) , IL-6 promotes hypertriglyceridemia (41) , and IL-12 promotes atherosclerosis (1, 62, 65) . Furthermore, MCP-1 facilitates infiltration of inflammatory cells such as macrophages into adipose tissues (63, 65, 67) . The factors regulating expression of proinflammatory cytokines/chemokines in adipocytes are far from clear; however, recent studies support a role for 12-lipoxygenase (12-LO). 12-LO metabolizes arachidonic acid to form the lipid inflammatory mediator 12-hydroperoxyeicosatetraenoic acid [ 
12(S)-HPETE] that is converted to the more stable product 12-hydroxyeicosatetraenoic acid [12(S)-HETE].
12-LO has been implicated in the development of atherosclerosis (40, 53) and in the promotion of adipose tissue inflammation and insulin resistance in response to a high-fat diet (43, 54) . 12-LO expression and/or activity are upregulated by hyperglycemia (12, 32, 34, 38, 69) in pancreatic ␤-cells and mesangial cells, by free fatty acids such as palmitic acid in 3T3-L1 adipocytes (10) , by inflammatory cytokines in pancreatic ␤-cells (12) and human islets (36) , and in adipose tissue after mice are fed a Western diet (10, 54) . 5-Lipoxygenase (5-LO) and 5-LO-activating protein (5-FLAP) are involved in inflammatory pathways leading to atherosclerosis (3, 18, 22a, 45, 51) . 5-FLAP is a fatty acid transport protein that specifically binds and presents arachidonic acid to 5-LO and enhances the formation of leukotriene B4 (LTB4) by 5-LO. LTB4 in turn augments MCP-1 expression in human monocytes (27) . Lisofylline (LSF), 1-(5-R-hydroxyhexyl)-3,7-dimethylaxanthine, is a novel anti-inflammatory agent (15) that reduces IL-12 signaling (70) and, consequently, STAT4 activation, a key downstream component of IL-12 signaling. LSF reduces vascular injury and macrophage trafficking in the carotid artery of obese Zucker rats by reducing STAT4 activation (46) . Importantly, LSF also improves glucose tolerance and insulin sensitivity in a high-fat-fed rodent model (19) . In the present study, we explored inflammation in visceral adipocytes and adipose tissue of the obese Zucker rats (9) and evaluated the effects of LSF on their metabolic profile as well as adipose tissue inflammation and morphology.
from Sigma-Aldrich (St. Louis, MO), and the CD45-FITC (ab 22475) and 5-LO (ab 39347) antibodies were from Abcam (Cambridge, MA). A primary antibody to leukocyte 12-LO was raised to a peptide derived from the sequence of the leukocyte 12-LO in our laboratory (7, 36) . Phosphorylated STAT4 (p-STAT4) (5267) was from Cell Signaling Technology (Danvers, MA), and the total STAT4 (71-4500) was from Invitrogen (Carlsbad, CA). The blocking serum, antigen unmasking solution, biotinylated secondary antibody, and ABC peroxidase kit were from Vector Laboratories (Burlingame, CA). The diaminobenzidine substrate kit was purchased from Dako (Carpinteria, CA). ELISA kits were obtained from R & D Systems (Minneapolis, MN). Serum cytokines were measured through Linco Research, Millipore (Billercia, MA). LSF was provided as a white powder by DiaKine Therapeutics (Charlottesville, VA). LSF is soluble in aqueous buffers. 12(S)-HETE, 12(S)-HPETE, and 12(R)-HETE were from Biomol (Plymouth Meeting, PA). 3T3-L1 cells were kindly provided by the late Dr. John C. Lawrence. Jr. (University of Virginia, Charlottesville, VA).
Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin, and trypsin were purchased from Invitrogen. Fetal bovine serum was purchased from Zen-Bio (Research Triangle Park, NC). Dexamethasone, isobutylmethylxanthine, and protease inhibitors were from Sigma-Aldrich. The PCR oligonucleotides were purchased from Operon Biotechnologies (Huntsville, AL), and TaqMan primers Rn00566700_m1 (IL-1␣) and Rn00580432_m1 (IL-1␤) were from Applied Biosytems (Foster City, CA).
Animals. Obese and lean female Zucker rats at 12 wk of age were purchased from Charles River Laboratories (Wilmington, MA). The rats were housed in pathogen-free facilities and fed a chow diet (Harlan Teklad, Madison, WI). All studies were approved by the Institutional Animal Care and Use Committees of the University of Virginia and Eastern Virginia Medical School. LSF powder was dissolved in saline and injected into the peritoneal cavity of obese Zucker rats at a dose of 25 mg/kg body wt twice a day for 10 days. The volume of LSF was adjusted on the basis of weight changes.
Control obese Zucker and lean rats were given saline injections. Body weight and food intake were measured every other day throughout the study. The body weight and length at the time of euthanasia were recorded and used to calculate the body mass index (BMI). The perigonadal, retroperitoneal, and mesenteric fat pads (visceral fat) were separately excised and weighed. Blood was collected by cardiac puncture, and serum was used for cytokine, glucose, and insulin measurements, as described below.
Isolation of white visceral adipocytes and stromal vascular fraction. Isolation of white perigonadal adipocytes was performed as described previously (5, 11) . Briefly, rats were euthanized by CO 2 anaphyxiation. Perigonadal fat pads were removed and minced with scissors. Minced fat pads were digested with collagenase in KRH-BSA buffer for 60 min at 37°C in a shaking water bath. Once digestion was complete, samples were passed through a nylon mesh (400 m). The cells were washed by adding KRH-BSA 10 times the volume of the cell suspension. Adipocytes were allowed to float.
Floating cells were collected and washed with 10 times the volume of KRH-BSA five more times. After the final wash, the adipocytes were suspended in five times the volume of KRH-BSA and centrifuged at 200 g for 1 min at room temperature. The packed floating adipocytes were subjected to RNA isolation or preparation of adipocyte lysates for Western blotting, as described below. The infranatant was removed and centrifuged at 500 g for 5 min to pellet the stromal vascular fractions (SVF). SVF pellets were used for Western blotting and real-time PCR, as described below.
Cell culture. 3T3-L1 fibroblasts were propagated and differentiated as described previously (5, 11) . Before each experiment, cells were kept overnight in DMEM containing 1% serum. Cells were then washed with DMEM containing 0.2% BSA and incubated in the same medium for 2 h before treatment with 12(S)-HETE, 12(S)-HPETE, or ethanol (solvent control) for an additional 2 or 4 h.
RNA extraction and real-time PCR. RNA was prepared using the Ribo-Pure kit (Ambion, Foster City, CA) for 3T3-L1 adipocytes and SVF and Trizol (Invitrogen) for rat perigonadal adipocytes according to the manufacturer's instructions. For rat perigonadal adipocytes, 2 ml Trizol/1 ml cells was added, and the lysates were prepared by passing the cells in Trizol 10 times through an 18-gauge needle. Five micrograms of total RNA was added to the cDNA synthesis reaction containing Moloney murine leukemia virus reverse transcriptase (Invitrogen) and random hexamers (Invitrogen) in a 20-l reaction volume. For quantitative measurement of PCR products, a doublestranded DNA dye, SYBR Green I (Molecular Probes, Carlsbad, CA), or TaqMan Probe was used with Jump Start Taq Polymerase (SigmaAldrich). Three microliters of the cDNA reaction (fivefold diluted) were used as template for real-time PCR in a reaction volume of 25 l (12). The mouse primer sequences and PCR conditions were described previously (12) . The rat primer sequences (19, 30, 35, 54) are presented in Table 1 . The PCR conditions for the rat cytokines, 12-LO, 5-LO, and 5-FLAP were denaturation at 95°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 30 s for 50 cycles. TaqMan PCR assays were done according to the manufacturer's instructions. All reactions were performed in triplicate, and the data were normalized to a housekeeping gene, 18S rRNA or actin, and evaluated using the 2 Ϫ⌬⌬CT method (12) . Expression levels are presented as fold induction or downregulation of transcripts of respective genes relative to control.
Western blotting. Freshly isolated adipocytes and SVF were lysed in sodium dodecyl sulfate gel loading buffer containing protease and phosphatase inhibitors, as described in Ref. 10 . The lysates were sheared by passing through a 23-gauge needle at least six to eight times. Protein determination was done by the Lowry method (DC Protein assay; Bio-Rad), as described previously (47) , and Western blot analysis was performed as described in Ref. 10 . Western blot quantifications were performed using Image J software [National Institutes of Health (NIH), Bethesda, MD].
Immunohistochemistry. Adipose tissue samples from obese Zucker or lean rats were fixed with 4% paraformaldehyde for 24 -30 h at room temperature and embedded in paraffin (68) . Five-micrometerthick paraffin-embedded tissue sections were then deparaffinized and rehydrated in graduated alcohol to distilled water. Antigens were retrieved using a high-temperature antigen-unmasking technique with antigen unmasking solution. The endogenous peroxidase was Leukocyte type 12-LO 5=-GATGGG TGTCTACCG CATCC-3= 5=-CCTC TCCATGC TGTCCAACC-3=
12-and 5-LO, 12-and 5-lipoxygenase, respectively; 5-FLAP, 5-LO-activating protein; MCP-1, monocyte chemoattractant protein-1.
quenched using 0.5% H2O2 in methanol (Fisher Scientific) for 30 min at room temperature. The sections were then incubated for 30 min at room temperature with diluted normal blocking serum and stained at 4°C overnight with primary antibodies against IL-6, MCP-1, p-STAT4, 12-LO, and 5-LO, followed by a biotinylated secondary antibody for 60 min at room temperature and an avidin-biotinperoxidase for 30 min at room temperature. Finally, the sections were developed with a diaminobenzidine substrate kit and counterstained using hematoxylin. The expression of IL-6, MCP-1, p-STAT4, 12-LO, and 5-LO protein was determined by microscopic evaluation of the diaminobenzidine reaction product on the sections. Quantification of the immunohistochemical data was done using MetaMorph software version 6.3 (Molecular Devices, Downingtown, PA) with an established arbitrary threshold.
Measurement of 12-and 5-LO activities. The activities were determined by measuring the levels of the 12-LO product 12-HETE and the 5-LO products 5-HETE and LTB4 as follows. Lipids were extracted from adipocytes by our validated solid-phase extraction method and quantified using our HPLC assay with modified fluorescent labeling (53) . The amounts of 5-and 12-HETE in the samples were determined by comparing the peak area of HETEs to that of an internal standard, 8-HETE (not present in mammalian cells). The ratio of peak area of 5-, 12-, and 8-HETE of known concentrations was compared with unknown concentrations. LTB4 was measured on the basis of an internal standard. Results are expressed as means Ϯ SD; n ϭ 7 rats/group. LSF, lysofylline; HOMA-IR, homeostasis model assessment of insulin resistance. Weight gain is calculated as a difference between the weights recorded at the end and at the beginning of the study. Feed efficiency was calculated by dividing the food intake to weight gain. Total visceral fat represents the sum of perigonadal, retroperitoneal, and mesenteric pads. Body mass index was calculated using the formula [ 3 ͌body wt (g)/length (mm)] ϫ 10 4 . HOMA-IR was calculated as [fasting glucose (mg/dl) ϫ fasting insulin (U/ml)]/405. Effect of LSF on body weight, adiposity, glucose, and insulin in obese Zucker rats. Cytokines/chemokines, glucose, and insulin measurements. Serum was obtained from randomly fed rats, and cytokine levels were determined by Linco Research (St. Charles, MO) for cytokine production. For glucose and insulin measurements, blood was collected by cardiac puncture from rats that were fasted overnight following euthanasia. Glucose was measured using an enzymatic kit from BioVision (Mountain View, CA), and insulin was measured by ELISA using a kit from Mercodia (Uppsala, Sweden).
Adipose tissue morphometry. Perigonadal adipose tissue was collected in 10% buffered formalin, fixed overnight, and embedded in paraffin. Hematoxylin and eosin staining was used for adipocyte morphometry. Three representative images per section were obtained for a total of six tissue sections per rat. Six rats per experimental group were analyzed. Images were taken using a Zeiss Plan Apochromat ϫ20 objective, and adipocyte area and number were determined using Image J software (NIH).
Statistics. Statistical analysis was performed using GraphPad Prism version 4.03 software. All data are presented as means Ϯ SE unless otherwise stated. For experiments from one time period, the control and experimental samples were analyzed using Student's t-test. For multiple time periods, analysis of variance was used with the appropriate corrections. For immunohistochemical quantification of the adipose tissue sections, data was normalized per section area analyzed and expressed as means Ϯ SE. Statistical analysis was performed by one-way ANOVA and a Tukey's post hoc test. A P value of Ͻ0.05 was considered to indicate statistically significant differences.
RESULTS
Food intake, body weight, blood glucose, and serum insulin measurements in obese Zucker rats and the effect of LSF on these parameters. To evaluate the effect of LSF on the metabolic profile of obese Zucker rats, we measured body weight, food intake, terminal fasting plasma glucose, and insulin levels for rats treated with LSF or saline ( Table 2) . LSF did not significantly change body weight and BMI in obese rats. However, it significantly increased perigonadal fat and total visceral fat mass. To further determine whether LSF has effects on energy homeostasis, we determined feed efficiency by dividing total body weight gain by total food intake ( Table 2) . We found that LSF treatment slightly increased feed efficiency in obese rats and reduced food intake (P ϭ 0.059). This result together with the increase in adipose tissue mass suggests elevated lipid storage in adipose tissue. To further determine whether LSF improved glucose homeostasis, we measured fasting plasma glucose and insulin (Table 2) . LSF treatment significantly reduced fasting plasma glucose but did not alter fasting plasma insulin concentration. When homeostasis model assessment (insulin resistance) was calculated, we found that it was significantly lower in the LSF-treated obese rats, indicating improved insulin sensitivity following LSF treatment. In summary, these data suggest that LSF has beneficial effects on the metabolic profile of obese Zucker rats by reducing glucose level and improving insulin sensitivity. Also, LSF treatment increased feed efficiency with concomitant increased lipid storage in adipose tissue, which may prove beneficial to prevent ectopic (nonadipose) lipid deposition.
Effect of LSF on adipose tissue morphology. To examine the effect of LSF on adipose tissue morphology, we determined adipocyte number and size distribution in perigonadal adipose tissue of obese Zucker rats with and without LSF treatment (Fig. 1) . The number of cells normalized to area examined was significantly lower in obese compared with lean rats, and LSF treatment brought back cell number similar to lean rats (Fig. 1A) .
Mean adipocyte size as determined by measurement of adipocyte area was significantly increased in obese compared with lean rats, and LSF treatment led to cell size that was similar to lean animals ( Fig. 1, A and B) . Interestingly, adipo- Fig. 3 . IL-6, monocyte chemoattractant protein-1 (MCP-1), TNF␣, IL-1␣, and IL-1␤ mRNA were upregulated in visceral adipocytes isolated from obese Zucker rats. Real-time RT-PCR measurements of IL-6, MCP-1, TNF␣, IL-1␣, and IL-1␤ mRNA levels in adipocytes. The data were normalized to 18S rRNA. The fold changes were measured relative to lean control and calculated with the 2 Ϫ⌬⌬CT method. All data represent the mean Ϯ SE from 3 independent experiments, and P values indicate that values are statistically significantly different (P Ͻ 0.001-0.05) compared with lean rats. cyte size distribution analysis revealed a large shift in cell distribution toward very large, hypertrophic adipocytes in obese Zucker rats and a reduction in the relative proportion of smaller adipocytes compared with lean rats (Fig. 1C) . LSF treatment resulted in an adipocyte distribution that was very similar to lean rats, with a larger relative percentage of smaller adipocytes and a relative reduction of the hypertrophic adipocytes. These results suggest that LSF treatment induced a metabolically favorable adipocyte profile, a larger proportion of smaller adipocytes typically associated with better insulin sensitivity, and reduced lipolysis.
12-and 5-LO expression and activity are upregulated in perigonadal white adipocytes from obese Zucker rats concomitant with increased inflammatory response.
To evaluate whether 12-and 5-LO could play roles in obesity-associated adipose tissue inflammation, we examined whether perigonadal white adipocytes isolated from obese Zucker rats exhibited increased expression of these enzymes. 12-LO, 5-LO, and 5-FLAP mRNA were measured by real-time PCR. As shown in Fig. 2A, 12 -LO, 5-LO, and 5-FLAP mRNA were increased eight-, 3.75-, and 3.5-fold, respectively, in visceral adipocytes from obese Zucker rats compared with adipocytes isolated from age-and sex-matched lean rats. To examine whether the augmented expression of 12-and 5-LO mRNA was associated with increased activity levels, the enzymatic products of the LOs were measured by HPLC. 12-HETE, 5-HETE, and LTB4 product formation were increased two-, 2.5-, and sixfold, respectively (Fig. 2B) . Our data thus indicate that 12-and 5-LO protein and activity were elevated concomitant with increased mRNA expression in adipocytes of obese Zucker rats. We next examined whether the augmented expression of 12-and 5-LO in adipocytes from Zucker obese rats was associated with upregulation of proinflammatory cytokine expression. The proinflammatory markers studied included IL-6, MCP-1, TNF␣, IL-1␣, and IL-1␤. As shown in Fig. 3, IL-6 , MCP-1, TNF␣, IL-1␣, and IL-1␤ mRNA levels were upregulated 3.1-, 3.5-, 3-, 6.6-, and 2.6-fold, respectively, in adipocytes from obese Zucker rats compared with adipocytes from lean rats. Increased cytokine expression was not likely due to macrophages contaminating the isolated adipocytes, since we determined that the isolated adipocytes contained Ͻ3% macrophages (data not shown) by fluorescence-activated cell sorting analysis.
LSF reduces obesity-induced 12-LO, 5-LO, and 5-FLAP expression and proinflammatory response in white visceral adipocytes/adipose tissue from obese Zucker rats.
To examine whether the anti-inflammatory compound LSF has an effect on the expression of 12-LO, 5-LO, and 5-FLAP, adipose tissue and adipocytes were obtained from saline-treated and LSFtreated obese Zucker rats. mRNA measurement was done by real-time RT-PCR. As shown in Fig. 4A , LSF treatment significantly reduced 12-LO, 5-LO, and 5-FLAP mRNA compared with levels seen in adipocytes from saline-treated obese rats. The reduction of 12-and 5-LO mRNA expression was also evident in adipose tissue from LSF-treated obese Zucker rats, as shown in Fig. 4B . Next, we examined whether LSF also reduced proinflammatory cytokine expression in adipocytes from obese Zucker rats. We determined the expression of key proinflammatory cytokines IL-6, MCP-1, TNF␣, IL-1␣, and IL-1␤. LSF treatment significantly reduced the mRNA levels of IL-6, MCP-1, and IL-1␣ both in adipocytes (Fig. 5A ) and in adipose tissue (Fig. 5B) . Interestingly, LSF treatment did not significantly change TNF␣ and IL-1␤ mRNA levels in adipocytes from obese rats (Fig. 5A ) or in adipose tissue of obese rats (Fig. 5B) . 
Evaluation of 12-and 5-LO protein expression in visceral adipose tissue from obese Zucker rats.
To further study the effects of LSF on obesity-induced inflammatory changes, immunohistochemical analysis was conducted on adipose tissue from lean rats and LSF-and saline-treated obese Zucker rats. As shown in Fig. 6A , 12-LO-immunopositive staining was significantly increased (3.8-fold, P Ͻ 0.01) in adipose tissue sections from obese Zucker rats compared with lean rats, and LSF treatment reduced 12-LO staining (P Ͻ 0.01) in adipose tissue sections from obese Zucker rats compared with saline-treated obese Zucker rats. Similarly, as shown in Fig. 6B , 5-LO-immunopositive cells were increased 8.1-fold (P Ͻ 0.001) in adipose tissue sections from obese Zucker rats when compared with lean rats, and LSF treatment reduced 5-LO immunostaining 2.8-fold (P Ͻ 0.001) in obese Zucker rats compared with salinetreated obese Zucker rats. To also evaluate protein expression, we performed Western blot analysis and quantified the results. As shown in Fig. 6C , Western blot analysis demonstrated 1.6-fold upregulation of 12-LO and 5-FLAP expression in adipose tissue from obese Zucker rats compared with lean rats. Interestingly, we did not observe any discernible augmentation of 5-LO protein expression in adipose tissue from obese Zucker rats. The reason we did not see changes Fig. 6 . Evaluation of 12-and 5-LO protein expression in visceral adipose tissue and adipocytes from obese Zucker rats and effect of LSF. Immunohistochemistry and quantification illustrating increased 12-LO (A) and 5-LO staining (B) in saline-treated obese rats and reduced immunopositive cells in LSF-treated obese rats compared with saline-treated obese rats. Magnification is ϫ400 in A and ϫ200 in B. For quantification of the immunohistochemical data, 6 different fields from 3 rats/group were analyzed. C: bar graph illustrating quantification of the Western blot densitometry data for 12-LO, 5-LO, and 5-FLAP expression in adipose tissue from lean and obese rats, and representative blots are shown below. D: Western blot quantification of 12-LO expression in adipocytes from lean and obese Zucker rats from saline-and LSF-treated obese Zucker rats. Data are expressed as fold changes compared with lean or saline-treated obese rats, normalized to actin, and are representative of 6 -7 rats/group. in 5-LO by Western blotting might be due to the limitation of this technique in quantifying localized increases in expression of a specific protein in whole tissue as opposed to using immunohistochemical techniques where per-cell staining could be identifiable among many unstained cells. There was a wide variation in fold changes of 12-and 5-LO expression in adipose tissue using these two techniques commonly used for quantification of protein expression. Interestingly, as shown in Fig. 6D , additional Western blot analysis in isolated adipocytes demonstrated a clear increase (P ϭ 0.015) of 12-LO expression in obese Zucker rats compared with adipocytes from lean rats, and LSF completely reversed the changes, thus suggesting a clear effect of LSF in adipocytes to modify expression of 12-LO. 
Evaluation of IL-6 and MCP-1 protein expression in visceral adipose tissue from obese Zucker rats.
To further evaluate the presence of inflammation in visceral adipose tissue, adipose tissue sections were stained for IL-6 and MCP-1. As shown in Fig. 7A, IL-6 immunostaining was augmented 14.1-fold (P Ͻ 0.001) in adipose tissue from obese Zucker rats compared with lean rats, and LSF treatment significantly reduced IL-6 immunostaining 2.1-fold (P Ͻ 0.001) in adipose tissue from obese Zucker rats compared with saline-treated obese Zucker rats. As shown in Fig. 7B , MCP-1 immunostaining was augmented 3.9-fold (P Ͻ 0.01) in adipose tissue from obese Zucker rats when compared with lean rats. Again LSF treatment significantly reduced MCP-1 immunostaining 2.7-fold (P Ͻ 0.01) compared with saline-treated obese Zucker rats. We also performed Western blot analysis and quantified the results. As shown in Fig. 7C , similar to the immunohistochemical data, IL-6 protein levels were increased in adipose tissue from obese Zucker rats, and LSF reversed the changes.
STAT4 activation in adipose tissue from obese Zucker rats. STAT4 is a transcription factor that transduces IL-1␣-and IL-12-mediated inflammatory and immune responses. We previously showed increased p-STAT4 levels in carotid vessels of obese Zucker rats (44) . As shown in Fig. 8A , immunohistochemical data clearly indicated 6.3-fold increased (P Ͻ 0.01) p-STAT4 immunostaining in adipose tissue from obese Zucker rats when compared with lean rats, and LSF treatment significantly reduced p-STAT4 in adipose tissue from obese Zucker rats compared with saline-treated obese rats (P Ͻ 0.01). We performed Western blot analysis and quantified the results (Fig. 8B) . However, unlike immnohistochemical data, where we observed significant augmentation of p-STAT4 immunostaining in adipose tissue sections from obese Zucker rats, our Western blot analysis showed less augmentation (1.2-fold) of p-STAT4 expression in adipose tissue from obese Zucker rats.
This apparent discrepancy could be due to the difference in the sensitivity of the two detection systems since antibodies often have varied responses in immunostaining or Western blot, and Western blot of whole tissue may dilute changes observed in specific cell types in that tissue.
Importantly, to examine the p-STAT4 protein expression specifically in adipocytes and the effect of LSF, we performed Western blot analysis on adipocytes isolated from lean rats and saline-and LSF-treated obese Zucker rats and quantified the results. As shown in Fig. 8C , the density of the p-STAT4 band in adipocytes from obese Zucker rats was augmented almost twofold (P ϭ 0.028, n ϭ 3) compared with lean rats. LSF significantly reduced (P ϭ 0.037) p-STAT4 levels in the adipocytes from obese Zucker rats compared with salinetreated obese rats (Fig. 8D) , again indicating an effect of LSF on adipocytes.
Evaluation of lipoxygenases and p-STAT4 expression in SVF from obese Zucker rats. The earlier experiments were performed in either adipose tissues or isolated adipocytes. However, we have shown previously that 12-LO is highly expressed in macrophages (66) . Therefore, we examined the expression of lipoxygenases in SVF from lean rats and saline-and LSFtreated obese Zucker rats by Western blot analysis. As shown in Fig. 9A , 12-LO protein levels were increased 1.3-fold showing increased number of p-STAT4-positive cells in obese Zucker rats compared with lean rats and reduced staining in LSF-treated compared with saline-treated obese rats. Magnification is ϫ200. For quantification of the immunohistochemical data, 6 different fields from 3 rats/group were analyzed. B: bar graph illustrating quantification of the Western blot densitometry analysis for p-STAT4 expression in adipose tissue from the same groups of rats, and representative blots are shown below. p-STAT4 quantification in adipocytes from lean and obese Zucker rats (C) and from saline-and LSF-treated obese Zucker rats (D). Data are representative of 6 -7 rats/treatment group. The data are normalized to total STAT4 band intensity.
(P Ͻ 0.05) in SVF from obese Zucker rats compared with lean rats. Also, 5-FLAP protein levels were increased 1.6-fold. However, there was no discernible augmentation of 5-LO in SVF from obese Zucker rats. Interestingly, LSF did not reduce the expression of 12-LO and 5-FLAP in SVF of obese Zucker rats compared with saline-treated obese Zucker rats (data not shown). Furthermore, we did not observe any discernible changes of p-STAT4 expression in SVF from obese Zucker rats compared with lean rats (Fig. 9B) .
Serum proinflammatory cytokine levels change in obese Zucker rats and the effect of LSF. Blood samples from salineand LSF-treated obese Zucker rats were obtained for the measurement of adipokines and cytokines. Leptin levels were markedly elevated in obese rats compared with lean rats, and LSF treatment had no effect on leptin levels (data not shown). Other cytokines that were found to be increased in serum from obese Zucker rats compared with lean rats included IL-1␣ (4.9-fold), MCP-1 (3.2-fold), IL-6 (3.5-fold), IL-12p70 (4.2-fold), and IFN␥ (4.9-fold). LSF significantly reduced levels of IL-6 and MCP-1 in obese Zucker rats. LSF treatment also reduced levels of IL-1␣, IL-12p70, and IFN␥. These results are presented in Table 3 . Other proinflammatory cytokines such as IL-1␤, MIP-1␣, IL-18, IP-10, and TNF␣ were either undetectable or showed no changes between obese and lean rats (data not shown).
Proinflammatory response induced by 12(S)-and 5(S)-HETE in 3T3-L1 adipocytes is abolished by LSF.
To more directly examine the effect of LSF on 12-and 5-LO-mediated effects in adipocytes, we used differentiated 3T3-L1 adipocytes as target cells. We recently showed that 12-LO was expressed in differentiated 3T3-L1 adipocytes, and addition of 12(S)-HETE to the 3T3-L1 adipocytes caused augmentation of proinflammatory cytokine gene expression (10) . As shown in Fig. 10A , LSF reversed the augmentation of IL-6, MCP-1, and IL-12p40 mRNA expression induced by the addition of 12(S)-HETE in 3T3-L1 adipocytes. As shown in Fig. 10B , addition of 5(S)-HETE to 3T3-L1 adipocytes also caused a significant upregulation of IL-6 (3.4-fold) and MCP-1 (3.7-fold), as well as IL-12p40 (2.2-fold), and LSF treatment completely abrogated the inflammatory response. In Fig. 10C , we show that fully differentiated 3T3-L1 adipocytes exhibit substantially higher levels of 5-LO expression (4-fold) compared with undifferentiated fibroblasts, thus indicating a strong presence of 5-LO in differentiated 3T3-L1 adipocytes.
DISCUSSION
Visceral adipose tissue inflammation associated with obesity plays an important role in systemic inflammation and the development of insulin resistance, type 2 diabetes, and atherosclerosis (22, 29, 52, 61, 64, 67) . Adipose tissue inflammation may be due to a stress reaction of adipocytes to nutrient overload and consequently increased production of proinflammatory cytokines by the adipocytes. This in turn leads to migration of inflammatory cells (macrophages and T cells) into the adipose tissue and thereby promotes a vicious cycle of escalating inflammation (35, 42) . However, the underlying events leading to initiation of increased proinflammatory cytokine production in the adipocytes are not clear.
We recently showed that addition of 12-LO products to 3T3-L1 adipocytes caused upregulation of key proinflammatory cytokines, thus indicating a direct role of 12-LO in eliciting inflammatory responses in adipocytes (11) . Furthermore, 12-LO has recently been linked to inflammation in high-fat diet-induced obesity in mice (43, 54) . 5-LO and 5-FLAP have also been implicated to play roles in obesity and insulin resistance (18, 24, 28) , and a recent study demonstrated the role of 5-FLAP in adipose tissue inflammation in experimental obesity (24) . However, 12-and 5-LO expression and activity in adipocytes and adipose tissue have not been studied in genetic models of obesity and insulin resistance.
In this study, we observed for the first time that mRNA levels and activity of 12-and 5-LO were increased in visceral adipocytes from insulin-resistant obese Zucker rats. Also, 5-FLAP mRNA levels were increased in visceral adipocytes from obese Zucker rats. Concomitant with these changes, mRNA levels of the key proinflammatory cytokines IL-6, TNF␣, and MCP-1 were increased.
Furthermore, immunohistochemical staining demonstrated increased numbers of cells expressing 12-LO, 5-LO, IL-6, and MCP-1 in visceral adipose tissue sections from obese Zucker rats. The immunopositive cells in the adipose tissue most likely represent not only adipocytes but also macrophages. Several reports have shown that in obesity, adipose tissue contains an increased number of macrophages (31, 63). 12-LO is also highly expressed in macrophages, and its products have been shown to augment IL-6 and MCP-1 expression in cultured macrophages (66) . Here, we show increased 12-LO expression not only in adipocytes and adipose tissue from obese Zucker rats but also in the SVF that includes the macrophages. Moreover, we performed a side-by-side comparison of the mRNA levels of 12-and 5-LO in adipocytes and SVF isolated from obese Zucker rats (Supplemental Fig. S2 ). We observed similar levels of 12-LO in both adipocytes and SVF. However, 5-LO mRNA levels were higher in SVF compared with adipocytes. Thus, 3% macrophage contamination in our adipocyte preparation was unlikely to contribute to the overall 12-LO expression mRNA levels in adipose tissue from obese Zucker rats. Additionally, higher levels of 5-LO mRNA in SVF compared with adipocytes were unlikely to contribute to the increased 5-LO mRNA levels in adipose tissue from obese Zucker rats since there was no discernible increase of 5-LO expression levels in SVF compared with lean Zucker rats. These results indicate enhanced inflammation in adipocytes and adipose tissue of obese Zucker rats that is associated with increased 12-and 5-LO expression and activity. An earlier study from our laboratory demonstrated that in the high-fat-fed mouse model, global deletion of 12-LO significantly reduces macrophage infiltration and a proinflammatory response in visceral adipose tissue (43) . Thus, we propose that 12-LO activation may be a link to adipose tissue inflammation in the insulin-resistant obese Zucker rats. Additional studies with selective 12-LO inhibitors will be needed to test this hypothesis. Future studies in mice with 12-LO specifically deleted in macrophages and in adipocytes will also shed further light on whether activated 12-LO in adipocytes and/or in macrophages plays a primary role in increased proinflammatory responses in adipose tissue in obesity.
LSF is an anti-inflammatory and immunomodulatory watersoluble small molecule that was developed to protect pancreatic islets from immune injury. LSF inhibits gene expression and production of several inflammatory cytokines linked to STAT4 activation. Activated p-STAT4 plays a key role in the induction of inflammatory immune responses (14, 60) . There is a growing appreciation for the role of immune activation in adipose inflammation and insulin resistance. The primary action of LSF is to reduce IL-12-induced increases in STAT4 tyrosine phosphorylation (70) . In obese Zucker rats, LSF reduces p-STAT4 activity in the vasculature and significantly attenuates neointimal responses to vascular injury in the carotid artery (46) . In this study we observed that LSF treatment significantly reduced p-STAT4 levels in isolated adipocytes and decreased the number of p-STAT4-positive cells in adipose tissue sections from obese Zucker rats. We also show that LSF treatment significantly attenuates the increased 12-LO, 5-LO, and 5-FLAP mRNA levels in adipocytes and reduces the number of cells immunopositive for 12-and 5-LO in adipose tissue sections from obese Zucker rats.
Furthermore, we show that LSF treatment reduces key cytokine/chemokine gene expression in adipocytes and adipose tissue and levels of proinflammatory cytokines in the circulation. The full mechanism(s) by which LSF mediates its antiinflammatory effects remains to be established, but there may be a feed-forward process by which STAT4 drives cytokines that induce 12-LO expression. Whether LSF regulates both pathways independently or only one pathway is regulated by LSF, and this in turn affects the other pathway, remains to be investigated. However, in 3T3-L1 adipocytes, LSF completely suppressed the increased IL-6, MCP-1, and IL-12p40 cytokine/ chemokine expression induced by 12-and 5-LO products 12(S)-and 5(S)-HETE, thereby indicating that 12-and 5-LO pathways may be modulated by LSF inhibitory actions at the adipocyte level. Interestingly, we did not observe LSF inhibitory action on 12-LO protein expression in SVF (data not shown).
Additionally, we found that LSF treatment augmented adipose tissue mass and increased feed efficiency in obese rats without significantly affecting body weight. These data suggest that LSF increases the storage capacity of adipose tissue in Zucker rats and thereby prevents ectopic lipid accumulation. A similar effect was reported for thiazolinendiones with concomitant increased insulin sensitivity (16) . The mechanism underlying increased lipid accumulation in adipose tissue associated with LSF treatment is unknown, but an indirect effect via reduction of local inflammation is conceivable.
Proinflammatory cytokine production reduces adipogenesis and promotes adipocyte hypertrophy (23, 56) . LSF treatment reversed this process, since it significantly increased the number of smaller-size adipocytes and reduced the number of hypertrophic adipocytes in obese Zucker rats. The adipose tissue remodeling may further decrease inflammation, since smaller adipocytes produce less proinflammatory cytokines (55) . Decreased inflammation will also lead to improved whole body insulin sensitivity. In the LSF-treated obese Zucker rats, we observed decreased glucose levels in the serum in the presence of similar insulin levels, which is compatible with improved insulin action. This is supported by a previous preliminary study by Balon et al. (3a) that demonstrated improved insulin action in LSF-treated diabetic obese Zucker rats. In a very recent publication, LSF has also been shown to reduce insulin resistance in high-fat-fed mice, and these effects were associated with reduced ceramide levels (19) .
In conclusion, we provide the first evidence for the upregulation of 12-and 5-LO concomitant with increased key proinflammatory cytokine/chemokine expression in adipocytes and adipose tissue of obese Zucker rats. We also show that LSF has a beneficial role in reducing lipoxygenase and cytokine/chemokine expression as well as activation of STAT4 in adipose tissue and adipocytes of obese Zucker rats. The results with the 3T3-L1 adipocytes provide evidence that LSF may prevent an inflammatory response in visceral adipose tissue in obesity by inhibiting signaling pathways elicited by 12-and 5-LO products. Therefore, medications targeted to reduce 12-or 5-LO and/or STAT4 activation could provide a new therapeutic approach to prevent or reverse the metabolic and vascular consequences of visceral obesity.
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